1. Introduction {#s0010}
===============

Conventional methods of administering certain drugs have resulted in failure of achieving therapeutic concentrations, despite reaching systemically toxic levels [@bib0010]. Failure in reaching effective concentrations is mainly due to obstacles in, but not limited to, biological barriers, naturally occurring biochemical reactions and molecular characteristics of the therapeutic compounds themselves. To circumvent these issues, there is a bloom in the development of innovative means to effectively deliver therapeutic compounds, such as using drug delivery systems. These systems safely deliver therapeutic agents at calculated rates to targeted sites and reduce unwanted distribution. These systems have led to improvement in the pharmacokinetics, pharmacodynamics and uptake of various therapeutic molecules. These improvements are due to reduced binding and interaction of the incorporated molecule with endogenous molecules. Furthermore, reduced premature enzymatic degradation is attributed to protection conferred by the carrier system to the encapsulated molecule before it reaches the targeted site [@bib0015].

Micro and nano-particulate systems are examples of delivery systems constantly in development. These systems have increased drug loading capacities and controlled release of their contents depending on the release pattern needed for a specific compound [@bib0020]. Biodegradable nanoparticles and emulsions made from lipids of physiological origin are specific examples of small-sized systems. Topical formulations and films are preparations that contain lipid nanoparticles and have exhibited excellent tolerability due to their chemical and physical stability. In addition, lipid nanoparticles used for cosmetic dermal application have enhanced properties including controlled occlusion, enhanced penetration, increased hydration and improved bioavailability [@bib0025], [@bib0030]. Emulsions are heterogeneous systems in which one liquid is dispersed in another liquid in the form of droplets [@bib0035]. Lipid based emulsions have evolved as vehicles capable for drug delivery of both hydrophilic and lipophilic drugs [@bib0040], apart from having potential uses in chemistry, cosmetics and food technology [@bib0045].

Lipidic emulsions are favoured for their biocompatibility, biodegradability, stability, convenient handling and easy and cost effective manufacturing processes [@bib0050], [@bib0055]. Lipidic emulsions are currently in use as parenteral formulations and investigated for solubilisation of water-insoluble drugs [@bib0060]. Lipidic emulsions used in parenteral drug delivery systems have also helped improve analgesic therapy [@bib0060]. Furthermore, lipidic emulsions are also being investigated for dermal and transdermal applications [@bib0040], apart from possible uses in the care of pre-term and term infants in intensive care units [@bib0065]. Nanoemulsions are used for intranasal drugs, pulmonary drugs and vaccine delivery [@bib0050]. Oral emulsified formulations are being used for its ability to provide protection against oxidation or hydrolysis [@bib0035].

The wide use of emulsions for cosmetic and medical purposes leads to numerous new emulsion based systems being constantly developed in laboratories. Most often, these newly formulated emulsions are well characterised for their drug delivering ability, physical properties and cytotoxicity. Size, for example, is one property that developers try to minimise. Smaller molecules are better preferred for cosmetics in order to generate transparent, easily absorbed products that users perceive as fresh and pure. Nanoemulsions have usage diversity and are easily sterilised through filtration that favour developers [@bib0070] and are stable against sedimentation or creaming [@bib0075]. The demands for 'ideal' preparations have led to thorough optimisations of their preparatory methods including polydispersity and crystallinity [@bib0080], light stability, temperature stability and low-energy preparation [@bib0085]. However, the lipid\'s oxidative stability is another important aspect that is often overlooked and thus less frequently evaluated.

There are literatures over the years that report the peroxidation profile of a few types of preparations. The effect of lipid peroxidation was evaluated in parenteral lipidic infusions used in new-born infants [@bib0090] and the effects of sugars as pro-oxidants in aqueous emulsion systems [@bib0095]. Parenteral lipid emulsions used in infants were found to be prone to lipid peroxidation and that free radicals generated from the process are damaging to human cells (caused haemolysis) [@bib0100]. The influence of trace elements on the lipid peroxidation of pure lipid emulsions and lipid-containing all-in-one admixtures used in total parenteral nutrition bags was also investigated [@bib0105].

Other studies focused on specific components in certain emulsified preparations. A study reported the influence of emulsion droplet surface charge, metals and other factors on oxidative stability [@bib0110]. A 2004 study found that using cactus pear fruit controlled lipid peroxidation in fish oil-in-water emulsion [@bib0115]. Another investigation formulated polymeric nanoparticles loaded with melatonin and found that the latter acted as an antioxidant better in nanocapsules and nanospheres rather than when used in nanoemulsions [@bib0120].

In this review, the importance of lipid peroxidation in vastly used emulsion systems, its effects towards bodily systems, techniques available to control oxidation and methods to measure oxidative stability are discussed.

2. Emulsion based pharmaceutical delivery systems {#s0015}
=================================================

Emulsion systems are modern colloidal drug carrier, ternary or pseudo-ternary dispersed systems consisting of specific mixtures of oils (or lipids), water, surfactants and co-surfactants [@bib0015], [@bib0040]. Emulsions could be manipulated to include many beneficial ingredients during their manufacturing. These ingredients provide the delivery system, besides its simplified preparation, thermodynamic stability, minimal viscosity and ultralow surface tension [@bib0125]. Emulsions have polar (hydrophilic) and non-polar (hydrophobic) sites that allow the solubilisation and encapsulation of both hydrophilic and lipophilic drugs at these separate sites. Furthermore, emulsions can be designed to be biodegradable; it reduces toxicity and other undesirable side effects of drugs [@bib0130]. Some drugs have also demonstrated radical improvement in their stability when incorporated into emulsion based formulations [@bib0135].

The various emulsion systems available include dry, micro-, nano-, self-emulsifying, pickering emulsions and multiple emulsions, and among these systems some are more stable than others [@bib0045], [@bib0140]. Regardless of the type and particle size of these emulsified delivery systems, a successful emulsion should be well evaluated for their physicochemical properties. In addition, emulsions that are formulated for cosmetic use should additionally be able to prevent microbial growth. Another important physical factor that reflects emulsion instability is phase inversion, which is the change from oil-in-water to water-in-oil or vice versa. Other major issues associated with the physical instability of emulsions are flocculation, creaming, coalescence and breaking [@bib0145], [@bib0150], [@bib0155]. Processes recognised as chemical degradation also include hydrolysis, dehydration, isomerisation and racemisation, decarboxylation and elimination, oxidation, photodegradation, drug-excipients and drug--drug interactions [@bib0160].

Furthermore, intrinsic contributors to chemical stability include molecular structure of the drug, environmental factors such as temperature, light, pH, buffer species, ionic strength, oxygen, moisture and the inclusion of additives and excipients [@bib0160]. However, apart from these physical and chemical properties of delivery systems, oxidative stability is also an essential criterion. This is primarily because direct skin contact and cellular interaction is expected with the usage of these delivery systems.

3. Lipid peroxidation and its effects {#s0020}
=====================================

3.1. Lipid peroxidation and its effects on emulsion systems {#s0025}
-----------------------------------------------------------

Albeit oxygen being a source of life for many organisms, it is also a primary factor for oxidation. Oxidative damage is produced by oxidation with its specific targets being DNA, protein and lipids [@bib0165]. Lipid and oil based formulations are also susceptible to degradation through lipid peroxidation and is a concerning chemical instability [@bib0170]. Lipid peroxidation is a common problem with parenteral and oral lipid formulations [@bib0175], as they are always formulated using one or more lipophilic and oil based substances. Additionally, the oxidative stability of skincare or cosmetic emulsions helps outline the emulsions\' function and optimal storage conditions. [Fig. 1](#f0015){ref-type="fig"} depicts the parameters in emulsion technology that are prone to or cause oxidation.Fig. 1Parameters within emulsion technology that contribute to the oxidative effects of the emulsion systems and in the human physiology.Fig. 1

Lipid peroxidation is an auto-oxidation process and consists of initiation, propagation and termination [@bib0180]. There are different mechanisms and pathways involved in the lipid peroxidation of emulsified lipids and bulk lipids [@bib0170]. Auto-oxidation can occur in bulk fats, fats and oils via a self-sustaining free radical involving mechanism. This occurs through pathways mediated by free radicals and enzymes or without them [@bib0180]. Lipid peroxidation is also known to be initiated when a fatty acid or fatty acyl side chain of any chemical entity is attacked by free radicals [@bib0185]. These radicals have sufficient reactivity to abstract a hydrogen atom from a methylene carbon belonging to these fatty side chains [@bib0190], thus initiating the oxidation reaction. Emulsion systems undergoing lipid peroxidation cause degradation of the encapsulated drug and cause changes to cross linkages, thus retarding dissolution [@bib0195]. Lipid peroxidation impacts not only the quality of emulsions by negatively affecting their oil quality but also their safety.

The oxidation process produces many by-products and hydroperoxides are the primary oxidation products when fat and oils undergo oxidation [@bib0200]. Hydroperoxides are unstable and are susceptible to decomposition. Secondary or final products consist of a broader number of complex mixtures including volatile, non-volatile and polymeric products, which are produced from the scission of the hydroperoxide products. Examples of secondary oxidation products are aldehydes, ketones, alcohols, hydrocarbons, organic acids and epoxy compounds. These products are also referred to as decay products of the hydroperoxides and their amounts continually increase as the oxidation process continues [@bib0205]. Other substances produced by the peroxidation process, such as malonaldehydes and cholesterol oxides, have been reported to have toxic properties as well [@bib0210]. [Fig. 2](#f0020){ref-type="fig"} describes the processes involved in lipid peroxidation.Fig. 2The processes involved in lipid peroxidation that result in negative effects towards pharmaceutical emulsions and biological systems.Fig. 2

3.2. Effects of lipid peroxidation on bodily systems {#s0030}
----------------------------------------------------

In the body, lipid emulsions are cleared from the blood based on their physicochemical properties and the physiological response of the reticuloendothelial system [@bib0215]. Lipid particles within emulsions are removed slower when their droplets are larger and neutrally charged [@bib0055]. This occurs with emulsions made from emulsifiers, surfactants and phospholipids with high molecular weights [@bib0055]. Thus until emulsions are cleared from the system, biological interaction occur. Emulsions containing oxidatively unstable substances undergo peroxidation that is capable of inducing oxidative stress. Highly reactive ions produced from the oxidation pathways initiate cascades of other oxidation reactions [@bib0220]. [Fig. 3](#f0025){ref-type="fig"} depicts the risk of introducing oxidation prone emulsions into the human system.Fig. 3The effects of introducing emulsions with oxidative leniencies into physiological systems.Fig. 3

Oxidative stress related processes are further exacerbated by the state of hydrogen atoms residing within our system. Hydrogen has only a single electron that is prone to removal by any chemical species, leaving behind an unpaired electron on the carbon atom it was originally attached to. The resulting carbon-centred lipid radicals (in aerobic cells) are likely to undergo molecular rearrangement and participate in the oxidation pathways as well. After lipid oxidation reactions are initiated and chain-reacted, lipid peroxides are produced including malonaldehydes and cholesterol oxides (one of the reactive aldehydes and oxysterols respectively) [@bib0200], [@bib0225]. These compounds interact with each other and affect membrane proteins causing function impairment, increased nonspecific permeability to ions, fluidity changes and inactivation of membrane-bound receptors and enzymes [@bib0210].

Cellular membrane alterations triggered by oxidative stress can directly and indirectly contribute to major derangements of cellular metabolism. Altered metabolism gives rise to free intracellular calcium ions that cause the activation of proteases. Proteases then attack the cytoskeleton and nucleases causing further DNA-strand breakage or fragmentation [@bib0210], [@bib0230]. In addition, peroxide exposure can lead to deformation of the membrane of red blood cells and subsequent leakage of their potassium ions [@bib0235].

On another note, prolonged mitochondrial injury may result from reactive oxygen species (ROS) generation, such as the superoxide anions (O~2~^•--^) and hydroxyl radicals (•OH). These radicals consist of oxygen free radicals and other chemical entities capable of depleting antioxidant systems, leading to further oxidative stress [@bib0235]. Furthermore, oxidative stress leads to production of inflammatory cytokines that also induce the production of free radicals [@bib0240]. The overwhelming amount of free radicals will fuel cellular oxidation chain reactions and free radicals like ROS are well recognised as contributors to multiple pathological processes.

Neuronal degeneration occurs with membrane lipids being one of ROS\'s major targets [@bib0245]. The oxidative stress resulting from impairment of antioxidant systems and increased production of ROS has also been associated with hypercholesterolaemia [@bib0235]. Other conditions are directly and indirectly associated with lipid peroxidation propagation. These include atherosclerosis (lesions), myocardial infarction, stroke, systemic lupus erythaematosus, erythrocyte dysfunction, ageing and Behcet\'s, Alzheimer\'s and Parkinson\'s diseases. Other related diseases include obsessive compulsive disorder, diabetes mellitus, skin cancer and chronic liver disease [@bib0180]. Additionally, the oxidation of triglycerides leads to increase in body temperature and induces toxicity in the central nervous system [@bib0135]. It is thus evident that prior to introducing therapeutic oil and lipid based emulsion systems into the body, it is important to ensure that they have very minimal oxidative tendencies. To achieve this, many strategic measures can be undertaken.

4. Preventing lipid peroxidation and maintaining oxidative stability {#s0035}
====================================================================

4.1. Preventive measures during formulation {#s0040}
-------------------------------------------

The ingredients used in formulating emulsions are vital in maintaining oxidative stability. Proteins, sugars, acids, bases, buffers, salts, surfactants and polysaccharides are used in the formulation of oil-in-water emulsions. They may act as either pro-oxidants or antioxidants, depending on their chemical nature, molecular interactions and environmental factors. Total oil content can additionally influence droplet size and viscosity of the emulsion system [@bib0015].

A study by Nakaya and co-workers [@bib0230] determined the effect of droplet size and emulsifiers on the oxidative stability of oil-in-water emulsions containing polyunsaturated triacylglycerols (TAG), cod liver oil, soybean oil, ester, water and buffer. It was found that oxidative stability was increased when droplet size decreased and that various non-ionic emulsifiers did not influence oxidative stability. Moreover, the study discovered that particle size was influenced by the concentration of surfactants and stabilisers. Increase in water miscible solvent was also found to decrease particle size [@bib0230]. However, on the contrary, another study found that there was no correlation between droplet size and oxidative stability of caprylic acid and canola oil containing oil-in-water emulsions [@bib0250].

The addition of oil and lipids is unavoidable in the formulation of emulsions. Thus there are specific complementary ingredients that can help provide formulations with additional oxidative stability. For instance, the only chain-breaking antioxidant in human lipids is alpha(α)-tocopherol or vitamin E. Evidence shows that when [l]{.smallcaps}-ascorbic acid is formulated with vitamin E, they protect each other from breakdown and thus replenish each other\'s activity [@bib0255], [@bib0260]. Ascorbic acid is capable of reducing α-tocopheroxyl radical formed when α-tocopherol reacts with a radical to regenerate α-tocopherol [@bib0265]. In oil-in-water emulsions, oxides located at droplet surfaces and pro-oxidants located in the aqueous phase tend to interact. Tocopherol as a non-polar antioxidant is more efficiently retained in oil droplets and was found to accumulate at interfaces where oxidation is more likely to occur [@bib0270]. This similar effect was seen when preservatives and antioxidants (natural or synthetic) were used in various cosmetic preparations, subsequently maximising their stability [@bib0275], [@bib0280], [@bib0285], [@bib0290].

Propyl gallate is also a phenol based radical terminator suggested to improve oxidative stability. Ascorbyl palmitate is another oxygen scavenger like ascorbic acid that works well with phenol-based antioxidants. However, care must be taken when using them as these compounds can also promote lipid peroxidation by acting as reducers when metal ions are present [@bib0170]. Other antioxidants reported to protect encapsulated drugs and unsaturated fatty acid chains from oxidation include β-carotene, butylated hydroxy toluenes (BHT) and butylated hydroxyanisole (BHA) [@bib0295], [@bib0300]. Furthermore, antioxidants depend strongly on pH and electrochemical properties of emulsions to be effective in retarding oxidation [@bib0305], hence monitoring pH levels during formulation and storage is crucial.

Looking into ingredients acting as surfactants, phosphatidylcholine (also known as lecithin) is a complex mixture of phosphatides consisting of phosphatidylcholines, phosphatidylserine, phosphatidylinositol, triglycerides and fatty acids [@bib0310]. Lecithins are components of cell membranes and are used extensively in pharmaceutical applications as an emulsifying, dispersing and stabilising agent. It is listed as generally regarded as safe (GRAS) and accepted in the Food and Drug Association (FDA) Inactive Ingredients Guide for Parenterals [@bib0310]. The antioxidative properties of phospholipids like lecithin were revealed by their addition to processed vegetable oils and animal fats [@bib0315]. Lecithin is a high density lipoprotein that is included in formulations as a phospholipid [@bib0320]. In emulsions, lecithin acts as an emulsifying and stabilising agent by reducing interfacial tension [@bib0325]. Lecithin may have the ability to form relatively thick and viscoelastic membranes around lipid droplets in emulsion systems. This ability is partly responsible for lecithin\'s ability to retard lipid oxidation and has efficient synergy with other natural antioxidants [@bib0270], [@bib0330]. In biological systems, different auto-oxidation mechanisms are expected to be shown by lecithin. Being a cholesterol acyltransferase, it is able to directly hydrolyse oxidized polar phospholipids and transfer oxidation products like lipid hydroperoxide from low-density lipoprotein (LDL) to high-density lipoprotein (HDL). These proteins are then subsequently degraded by HDL enzymes or the liver, preventing the initiation of free radical chain reactions through their oxidation [@bib0320].

Oleic acid is a naturally resourced monounsaturated fatty acid found in large quantities in olive oil. Intake of olive oil was shown to reduce serum cholesterol by diminishing oxidative stress and inflammatory mediators while promoting antioxidant defences [@bib0335]. A study by Waraho et al. [@bib0340] discovered that the addition of oleic acid into emulsions increased lipid hydroperoxides (by up to 5%) but did not cause the increase of oxidation rates. It was thus suggested that the hydroperoxides are not strong pro-oxidants of free fatty acids in oil-in-water emulsions. The pro-oxidant activity of oleic acid is linked to its ability to attract pro-oxidant metals to the emulsion droplet surface. However, the weak pro-oxidant ability of oleic acid was decreased when the emulsion\'s pH was lowered [@bib0340].

Cells treated with olive oil or oleic acid containing emulsion have showed a lesser production of ROS compared to poly-unsaturated fatty acid or soybean oil-based lipid emulsion. This finding was supported by a preclinical rodent study and a study involving children requiring parenteral nutrition [@bib0235]. A similar outcome was seen when olive oil based lipid emulsions were tested alongside soybean-based lipid emulsions in critically ill neonates [@bib0345]. Other components in olive oil have also shown potential for usage in emulsions. For example, squalene demonstrated antioxidant activity by protecting lipids of oil-in-water emulsions from undergoing peroxidation and squalane increased oxidative stability better than squalene [@bib0350].

It is also important to understand the chemical nature of oils used for formulating emulsions. The melting point of oils increases with the increase of fatty acid chain lengths and decreases with increasing degree of unsaturation and a lowered melting point improves the oil\'s resistance to oxidation [@bib0295]. Saturated medium chain triglycerides (MCTs) have greater solubilisation and are resistant to peroxidation [@bib0355], [@bib0360]. In addition, mono-unsaturated fatty acids are less prone to peroxidation compared to di- or poly-unsaturated fatty acids [@bib0355], [@bib0360]. Another kind of lipid, known as sphingolipid, is used in the formulation of sphingosomes (a more stable form of liposomes). Sphingolipid is able to avoid aggregation and leakage caused by the oxidation and hydrolysis of phospholipids [@bib0140]. The antioxidant profile of parenteral emulsions formulated from fish oil was improved when levels of α-tocopherol was increased in the formula, thus reducing the risk of oxidative stress affecting children [@bib0365].

There are other ingredients that may help control oxidation in emulsions. The incorporation of an oil soluble thioglycolic acid into various oils inhibited the oxidative degradation of an anti-HIV drug [@bib0370]. Eskandar et al. found that the presence of silica particles in emulsions initially stabilised with lecithin and improved their long term physical stability [@bib0375]. Chitosan is a biodegradable hydrophilic polymer [@bib0020] with good biocompatibility, high charge density, muco-adhesion properties and is non-toxic [@bib0380]. In another study, regardless of storage conditions, poloxamer--chitosan emulgator film was able to stabilise the castor oil-based nano-sized emulsion in terms of mean droplet diameter [@bib0130]. Another beneficial stabilising ingredient is hydrophilic polymers [@bib0020], including pluronic, a well-known poloxamer. Preservatives added to emulsions to prevent the growth of harmful bacteria, yeast and mould [@bib0385], [@bib0390], [@bib0395], [@bib0400] may provide some protection against oxidation but this needs further investigation. In another research, the metal chelators deferoxamine (DFO) and ethylenediaminetetraacetic acid (EDTA) were capable of reducing lipid peroxidation in oil-in-water emulsions containing sodium chloride (an oxidation promoter) [@bib0405].

However, in addition to good choices of ingredients, their 'location' within the formulated emulsion is as important in order to improve their roles as surfactants, emulsifier and antioxidant. Lipid oxidation occurs more rapidly for oils situated in the air interface than in the bulk oil. As a result, antioxidants should preferably be located at the air or water interfaces to be more affective at retarding oxidation than when evenly distributed throughout the oil [@bib0270]. Furthermore, the orientation of lipid molecules affects their access to pro-oxidants or antioxidants residing within the water phase. The free radicals that form at droplet surfaces in the water phase may interact with lipids located in the vicinity or deep within the droplet. This creates an association between the rate of lipid oxidation, diffusion and contact incidences between oxidants, free radicals, hydroperoxides and lipids in each regional phase [@bib0270]. Nevertheless, these naturally occurring reactions may be circumvented using novel strategies. For example, the addition of surfactants (which coat and stabilise droplets) also possessing antioxidant properties would be an advantage. These surfactants may help prevent oxidation interactions or collectively reduce surfaces available for interactions.

On the contrary, the presence of certain substances in emulsions can initiate or propagate peroxidation processes. It is therefore necessary that these substances are reduced or eliminated during formulation and storage. Trace metals are naturally occurring impurities in emulsions; however, they are largely responsible for promoting lipid oxidation and increasing the concentration of peroxyl radicals [@bib0410]. Heavy metals are strong oxidation catalysts including iron (Fe), copper (Cu), lead (Pb), tin (Sn) and residual hydrogenation catalysts such as platinum (Pt) and palladium (Pd) [@bib0415]. In emulsions that contain marine polyunsaturated lipids, the presence of low molecular weight iron was shown to affect stability [@bib0420].

In emulsions formulated for cosmetic use, many of the most effective topical based ingredients are inherently unstable and prone to oxidation. Examples include retinoids (a class of chemical compounds related to vitamin A), [l]{.smallcaps}-ascorbic acid and agents used in sunscreens [@bib0425]. These ingredients may cause the product to oxidise before it is able to interact and work on the skin. Additionally, the ingredients used must be highly pure and refined in order to be free from pigments, decomposition products, sterols, free hydrocarbons and peroxides. These complexes are able to initiate oxidation and destabilise compounds susceptible to oxidation [@bib0055], [@bib0415].

Other additional precautions should also be taken during the formulation process. It had been suggested that the entire emulsion preparation process should be conducted under nitrogen atmosphere when possible. This becomes crucial more so when excipients and drugs used in the formulations are sensitive to oxidation [@bib0135]. Other preparatory based preventive measures include protecting the formulation from light and packaging them in an inert atmosphere [@bib0430]. These environments help prevent the presence of harmful contaminants in the emulsions ([Table 1](#t0010){ref-type="table"}).Table 1Methods to prevent lipid peroxidation and maintain or improve oxidative stability in pharmaceutical emulsions.Table 1ApproachMethod/IncludeAction/PropertyEffectContent basedVitamin C (ascorbic acid), Vitamin E (α-tocopherol), propyl gallate, ascorbyl palmitateAntioxidant at air or water interfacesMaximise/improve oxidative stability, retards oxidationOleic acidAntioxidantReduce oxidationβ-carotene, butylated hydroxy toluenes (BHT) and butylated hydroxyanisole (BHA)Encapsulate drug and unsaturated fatty acid chainsProvide protection against oxidationLecithinEmulsifier, stabiliser, dispersing agentReduce interfacial tension, form thick and viscoelastic membranes around lipid droplets, synergistic with other natural antioxidantsSaturated medium chain triglycerides (MCT)Good solubilityResistant to peroxidationMono-unsaturated fatty acidsLess prone to peroxidation compared to di- or poly-unsaturated fatty acidsReduce oxidationSphingolipidAvoid aggregation and content leakage caused by oxidation and hydrolysis of phospholipidsMaintain formulation stability preventing further oxidative damageThioglycolic acid (oil soluble)Oxidative inhibitorInhibit oxidative degradation of certain drugs -- maintaining stabilitySilica particlesStabiliserImprove long term physical stabilityPoloxamer--chitosanAs emulgating filmMaintain droplet diameter -- stabilising castor oil-based nano-sized emulsionHydrophilic polymers (poloxamer, pluronic)StabiliserProvide stability for emulsionsMetal chelators deferoxamine (DFO) and ethylenediaminetetraacetic acid (EDTA)Metal bindingReduce lipid peroxidationPreservativesPrevent growth of harmful bacteria, yeast and mouldMay provide certain protection against oxidationSurfactants with antioxidant propertyCoat dropletsMay reduce surfaces available for oxidation thus preventing oxidation interactionsPreparation basedReduce or remove trace metalsInitiate and propagate peroxidationReduce oxidation reactionsAlteration to surfactants\' and stabilisers\' concentrations (in general)Decrease droplet/particle sizeIncrease oxidative stabilityUse highly pure and refined ingredientsFree from pigments, decomposition products, sterols, free hydrocarbons and peroxidesReduce contaminating agentsNitrogen atmosphereCreate controlled environmentProtect oxidation prone componentsProtection from lightCreate controlled environmentProtect emulsionsPackaging in inert atmosphereCreate controlled environmentEliminate oxidation prone contaminantsMonitoring pH levels during formulation and storageAntioxidant effectsControl factors (electrochemical, pH) that effect the actions of antioxidants

Furthermore, in view of the many types of emulsions available, it is possible to compare their oxidative stability in response to different choices of ingredients. For example, dry emulsions show improved stability and sustained better release for oral delivery of lipophilic, sparingly soluble, easily oxidised and light sensitive drugs. Cochleates were shown to be more stable systems due to their lower lipid oxidation tendencies [@bib0140]. It has also been reported that nanoemulsions are more stable than liposomes and vesicles [@bib0050].

4.2. Evaluating lipid peroxidation {#s0045}
----------------------------------

The oxidative stability of emulsions can be evaluated using various methods. Notably, the effects of oxidative instability may not affect the organoleptic characteristics of emulsions such as colour, liquefaction and phase separation. As a result, the occurring peroxidation may not be directly observable, thus monitoring involves test-based assessments. There are various assays to evaluate the oxidative stability of lipidic emulsions. These assays help in identifying individual ingredients potentially contributing to or reducing oxidative stability. The presence of secondarily produced aldehydes for instance can be detected using the anisidine value (q-AV) determination technique. This method was described by the American Oil Chemists\' Society (AOCS) and estimates the amount of alpha and beta unsaturated aldehydes, 2-alkenals and 2,4-alkadienals. These products continually increase and are detected by the generation of hydroperoxides. Hydroperoxides are formed by the reaction of *p*-methoxyaniline (anisidine) with unsaturated aldehydes, under acidic conditions. The chromogen generated is then quantified spectrophotometrically and converted to anisidine values (p-AnV or AV) using a formula [@bib0205].

Other methods include ultra-violet (UV) absorption, iodometric, ferric-xylenol orange (monitors lipid hydroperoxide intermediate formation), thiobarbituric acid reactive substances (TBARS; lipid peroxidation is indicated by malonaldehyde concentration) and Rancimat assay (measures the change of electrical conductivity caused by the formation of volatile dicarboxylic acids) [@bib0435], [@bib0440], [@bib0445]. Another method measures the rate of dissolved oxygen by fatty acids in emulsions and liposomes [@bib0420]. High performance liquid chromatography (HPLC) was also used to evaluate the lipid peroxidation of corn oil-in-water emulsions stabilised by the non-ionic surfactant Tween 20. In the study, hexanol was specifically monitored as the oxidation product [@bib0405].

5. Conclusion {#s0050}
=============

Emulsions are used as drug delivery systems and have shown good potential in the pharmaceutical and cosmetic industries. However, lipids and oils contained in these pharmaceutical emulsions undergo lipid peroxidation. Products produced from the oxidation processes negatively influence emulsions and bodily systems in many ways. Hence, it is important to practice better formulating techniques. During formulation, choices of ingredients and the amounts in which they are used are vital in ensuring oxidative stability. The effects of certain ingredients on the oxidative stability of emulsion can be investigated to guide choices. These include studying how polar and non-polar ingredients are positioned in the different phases of emulsification and their possible molecular roles and interactions.

The oxidative stability of emulsions should always be considered as one important aspect of safety; hence evaluations should be done strategically. One recommendation is the use of more than one method to evaluate oxidative stability and these assessments should be conducted repeatedly. For example, the usage of conjugated diene hydroperoxides, weight gain, peroxide value and thiobarbituric acid reactive substance assays were employed to analyse the effects of just one extract towards an oil-in-water emulsion [@bib0115].

After the preparation of the emulsions, the influence of different storage environments on oxidative stability should also be assessed. This is primarily due to the complexity of the progression of lipid oxidation. Some methods measure the loss of initial reactants such as hydroperoxides, lipids, antioxidant and oxygen, while others detect the intermediary products generated, like conjugated dienes and hydroperoxides. Other known methods measure alcohols, aldehydes, ketones and hydrocarbons, which are secondary products formed by lipid oxidation [@bib0205].

In addition, there are emerging methods that are able to extract specific oils and further isolate and quantify individual peroxidation products through chromatography. The future may also see emerging antibody-based methods for measuring lipid peroxidation in biological systems. There are possibilities that *in vivo* studies can be applied to assess the extent of oxidative damage caused by the peroxidation products. Bodily fluids (such as plasma) may be assessed for biomarkers produced in response to post-exposure of highly oxidising emulsions. More studies should be conducted on the effects of lipid peroxidation in emulsions used for parenteral nutrition in certain populations. These include home-treated adults [@bib0450], patients with sepsis [@bib0455] and a broad range of cancer patients [@bib0460], [@bib0465].

Oxidative stress and death caused by the stress is often associated with the ageing and obese population [@bib0470], [@bib0475]. Hence, introducing oxidatively stable emulsions becomes an important safety criterion and prevention measure in these patients. It is thus vital that lipid and oil based emulsions intended for their use are well characterised for their oxidative stability. With emerging novel methods, it is also possible to conduct periodic monitoring of the effects of oxidation post-administration.

In conclusion, it is a challenge to formulate drug delivery systems that have good efficacy for their specific intended purpose but are also physically and chemically stable. However, there are increasing numbers of morbidities caused by oxidation processes induced by exposure to oxidation prone entities. This creates an urgent and unavoidable need for monitoring the oxidative profile of emulsions using better techniques and strategic approaches.
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